A PCR-based genotyping system that detects divergence of IS100 locations within the Yersinia pestis genome was used to characterize a large collection of isolates of different biovars and geographical origins. Using sequences derived from the glycerol-negative biovar orientalis strain CO92, a set of 27 locus-specific primers was designed to amplify fragments between the end of IS100 and its neighboring gene. Geographically diverse members of the orientalis biovar formed a homogeneous group with identical genotype with the exception of strains isolated in Indochina. Yersinia pestis, the causative agent of bubonic plague, is a recently evolved clone of Yersinia pseudotuberculosis serotype O:1b (1, 29). Strains of Y. pestis are divided into three biovars on the basis of their abilities to ferment glycerol and to reduce nitrate. These phenotypic differences have proven useful in distinguishing strains thought to be responsible for the three plague pandemics (7). Isolates of the biovar antiqua (able to ferment glycerol and reduce nitrate) are believed to remain as holdovers from the first pandemic that started with the Justinian plague of the 6th century. Strains of the biovar medievalis (glycerol positive and nitrate negative) evidently caused the second pandemic of Europe (Black Death), which was initiated during the 14th century, and strains of the biovar orientalis (glycerol negative and nitrate positive) are responsible for the third plague pandemic of modern times (15, 22) .
A PCR-based genotyping system that detects divergence of IS100 locations within the Yersinia pestis genome was used to characterize a large collection of isolates of different biovars and geographical origins. Using sequences derived from the glycerol-negative biovar orientalis strain CO92, a set of 27 locus-specific primers was designed to amplify fragments between the end of IS100 and its neighboring gene. Geographically diverse members of the orientalis biovar formed a homogeneous group with identical genotype with the exception of strains isolated in Indochina. In contrast, strains belonging to the glycerol-positive biovar antiqua showed a variety of fingerprinting profiles. Moreover, strains of the biovar medievalis (also glycerol positive) clustered together with the antiqua isolates originated from Southeast Asia, suggesting their close phylogenetic relationships. Interestingly, a Manchurian biovar antiqua strain Nicholisk 51 displayed a genotyping pattern typical of biovar orientalis isolates. Analysis of the glycerol pathway in Y. pestis suggested that a 93-bp deletion within the glpD gene encoding aerobic glycerol-3-phosphate dehydrogenase might account for the glycerolnegative phenotype of the orientalis biovar. The glpD gene of strain Nicholisk 51 did not possess this deletion, although it contained two nucleotide substitutions characteristic of the glpD version found exclusively in biovar orientalis strains. To account for this close relationship between biovar orientalis strains and the antiqua Nicholisk 51 isolate, we postulate that the latter represents a variant of this biovar with restored ability to ferment glycerol. The fact that such a genetic lesion might be repaired as part of the natural evolutionary process suggests the existence of genetic exchange between different Yersinia strains in nature. The relevance of this observation on the emergence of epidemic Y. pestis strains is discussed.
Yersinia pestis, the causative agent of bubonic plague, is a recently evolved clone of Yersinia pseudotuberculosis serotype O:1b (1, 29) . Strains of Y. pestis are divided into three biovars on the basis of their abilities to ferment glycerol and to reduce nitrate. These phenotypic differences have proven useful in distinguishing strains thought to be responsible for the three plague pandemics (7) . Isolates of the biovar antiqua (able to ferment glycerol and reduce nitrate) are believed to remain as holdovers from the first pandemic that started with the Justinian plague of the 6th century. Strains of the biovar medievalis (glycerol positive and nitrate negative) evidently caused the second pandemic of Europe (Black Death), which was initiated during the 14th century, and strains of the biovar orientalis (glycerol negative and nitrate positive) are responsible for the third plague pandemic of modern times (15, 22) .
Several molecular methods that generate fingerprinting patterns of Y. pestis DNA have been successfully used for genotyping strains of this microorganism, such as pulse-field gel electrophoresis and ribotyping (15, 16, 18, 25) as well as newly described variable-number tandem repeat analysis (2) . Genotyping of Y. pestis was also accomplished by restriction fragment length polymorphism (RFLP) detected on Southern blots using probes originating from IS100, which is found at least singly on each of the three plasmids of the species and as multiple copies within the chromosome (24) . This insertion sequence (IS) element was sequenced (11, 23) and then used by Filippov et al. (9) in conjunction with the novel IS285 to obtain fingerprint patterns establishing phylogenetic relationships. Further IS100-and IS285-based RFLP analysis became the method of choice used by many researchers for extensive analysis of Y. pestis collections (1, 5, 14, 20) . Finally, a third insertion sequence (IS1541) was discovered that disrupts inv, which encodes invasin (28) . This element is now known to be present in many copies in the Y. pestis genome and has also been used to obtain RFLP fingerprinting profiles (21, 28) .
Many insertions of IS1541 in the genome of Y. pestis strain 6/69 M biovar orientalis were characterized and then tested to see if the insert flanked the same genes in other strains of Y. pestis (21) . The authors employed five unrelated strains (four of biovar orientalis and one of medievalis) of different ribotypes and IS1541 hybridization patterns that were isolated from different periods of time and geographical areas. All strains of the biovar orientalis possessed the IS1541 insertions at the same place (nine flanking genes were determined); the biovar medievalis strain lacked only one such insertion. This observation indicated that insertion of IS1541 at given loci constitutes a stable event and suggested that the intracellular mobility of the IS elements in the Y. pestis genome is limited (21) . These assumptions, if correct, legitimize genotyping by determining divergence of the exact positions of IS elements. In fact, IS element positional fingerprinting reveals itself as a technique with just the right discriminatory power, since in contrast with techniques such as RFLP, pulsed-field gel electrophoresis, or ribotyping (which can detect more frequent random variations of single nucleotides that lead to changes in restriction endonuclease recognition sites), it detects exclusively genetic rearrangements. Furthermore, the loss or change of an IS fingerprinting pattern automatically maps where on the genome the rearrangement event has taken place.
In this study, we describe the results of PCR-based genotyping of a large Y. pestis collection, comparing the variance of the location of the IS100 element in the genome of these strains with that of the reference isolate, strain CO92. In addition, we have identified and employed for genotyping purposes the defective genes of the glycerol pathway that are likely to account for the glycerol-negative phenotype of the biovar orientalis strains. Furthermore, sequence analyses of these genes suggested that the glycerol-positive phenotype of an orientalis-like Y. pestis strain may have been the result of genetic exchange between glycerol-negative and -positive yersiniae strains. If true, this fact might indicate that naturally occurring recombinational events across strains may modulate a mechanism whereby an entire pathway can be inactivated and reactivated in response to environmental pressure.
MATERIALS AND METHODS
Bacterial strains. Yersinia spp. strains used for these studies were obtained from the culture collections of the U.S. Army Medical Research Institute of Infectious Diseases and Michigan State University and are listed in Table 1 . Bacterial cultures were started from frozen stocks and DNA preparations were done as described earlier (2) . The set of derivative variants of strain CO92 that underwent a number of laboratory manipulations, such as multiple passages in vitro or in vivo, had different plasmid composition, deletion of pigmentation locus, etc., also has been described previously (2) .
Cloning of IS100 flanking regions and primer design. A genomic library of Y. pestis CO92 (generous gift from G. Andersen) constructed by cloning DNA fragments of 3 to 6 kb into the pGEM vector (Promega, Madison, Wis.) was used to retrieve IS100 elements and associated regions. The library was screened using oligonucleotide probes representing the IS100 sequence bp 197 to 216 and bp 1754 to 1773 (accession number U59875). The nucleotide sequence of positive clones was determined and the location of putative neighboring open reading frames (ORFs) was ascertained by BLAST analysis (www.ncbi.nlm.nih.gov /BLAST/). Two primers corresponding to sequences located at the right and left ends of IS100 were selected: ISfor1754 (5Ј-GGTGATGCAGCACTGACCTC) and ISrev216 (5Ј-GCTCAGATTTTGCCTGCAAA). The design of locus-specific primers corresponding to the flanking regions was based on an identified nucleotide sequence that could pair with one of the IS100-specific primers. A total of 27 individual primers were employed for the final analysis of DNA of yersiniae strains (Table 2 ). These primers represented 16 unique chromosomal loci. In most cases, primers originated from both sides of the adjacent regions of independent IS100 copies. However, primers derived from one side were utilized in a few cases. We purposely tried to place a locus-specific primer within the structural part of the putative gene rather than within an intergenic area. Therefore, the online unfinished genome of Y. pestis CO92 available at the Sanger Centre site (www.sanger.ac.uk/Projects/Y_pestis/) was widely used for the ORF border determination and for the locus selection itself. PCR amplification. PCR mixtures contained 50 pmol of one of the IS100-specific primers (ISfor1754 or ISrev216), 5 pmol of the locus-specific primer (vlm series), and 1 to 3 ng of template per 50 l of total reaction mixture volume. The reactions were run in duplicate using two different polymerases, such as AmpliTaq and AmpliTaqGold (PE Applied Biosystems, Foster City, Calif.).
The primer pairs designed to detect defective genes of the glycerol pathway included glpK-F2 (5Ј-ACTCATGGCCTGTTGACCACCATT), glpX-R4 (5Ј-G GGCATGTAAGAATGTGCCTTGGT), glpD-F1 (5Ј-GGCTAGCCGCCTCA ACAAAAACAT), and glpD-R1 (5Ј-GGTCATACAAGAACAAGCCGGTGC).
Numerical analysis. PCR results were visualized by using agarose gel, and each strain was given a score of 1 (present) or 0 (absent) for each possible band position. Similarities in band patterns were analyzed by the unweighted pair group method using average linkages (UPGMA) clustering software package PAUP 4.0 (30). To validate the robustness of this analysis, the neighbor-joining method of Saitou and Nei (26) (which uses a different set of underlying assumptions of unequal rate of character evolution) was also used. The topologies of the trees obtained by both methods were nearly identical (aside from small shifts in internal nodes). Nucleotide sequence determination. Sequencing of cloned and PCR fragments was undertaken as described previously (17) .
Comparative genomics. The comparison of the two unfinished genomes of Y. pestis strains CO92 and KIM was done in two steps. First, potential coding regions of the CO92 isolate were determined using the ORF-finding program CRITICA (4); identified ORFs were then subjected to homology search against the KIM database (www.genome.wisc.edu/html/pestis.html) using BLAST analysis. The ORFs that displayed identities of less than 90% were selected and further investigated.
Genes of Y. pestis participating in the fermentation of glycerol were identified using the collection of metabolic pathways from WIT2 (wit.mcs.anl.gov/WIT2/) and KEGG (www.genome.ad.jp/kegg/metabolism.html) databases. To find potential defects in the glycerol pathway of CO92, each of the ORFs identified from the KIM (glycerol-positive) and CO92 (glycerol-negative) strains were compared to each other and analyzed for sequence differences.
Nucleotide sequence accession numbers. Newly determined glpD allele sequences were deposited in GenBank under accession numbers AF377928 (strain Nicholisk 51), AF377936 (strain Nicholisk 41), AF377929 (strain Pestoides C), AF377930 (strain Pestoides F), AF377937 (strain P EXU), AF377931 (strain 
RESULTS

Molecular characterization of IS100 insertions.
A total of 185 IS100-positive clones were selected from the screening of the genomic library of Y. pestis strain CO92. Sequencing of these clones revealed the presence of 60 independent contigs representing copies of the IS100 element and their unique flanking regions. Variants were obtained that contained entire IS100 copies together with their up-or downstream regions and partial copies possessing unique sequence on one side only. The putative ORFs located within the adjacent area of each IS100 copy were identified, and internal primers corresponding to the sequence of such ORFs were made. PCRs on Y. pestis CO92 templates were performed using the set of constructed primers and either the forward or reverse primer corresponding to the IS100 sequence (see Materials and Methods). Those 27 primers that showed a strong specific signal of amplification were chosen for further analysis (Table 2) . These primers represented 16 distinct IS100 insertions, with 11 of them having both sides amplified. Analysis of the sequences surrounding the chosen IS100 elements showed that most of the insertions led to the disruption of putative ORFs. We found no indication of specificity for IS100 integration into genomic sites. IS100 genotyping. A total 116 bacterial DNAs were employed for the analyses: 77 represented unique Yersinia isolates, and the rest were variants of one of these 77 strains ( Table 1) . The results of the fingerprinting are shown in Fig. 1 . Out of 27 locus-specific primers tested, 4 amplified the same PCR fragment in all Y. pestis strains studied (vlm12for, vlm29rev, vlm33rev, and vlm37rev). In these cases (except vlm12for), both sides of the locus were employed for the primer selection (however, the second portion of the locus failed to amplify in at least one strain). For example, the vlm28for primer (same locus as vlm29rev) did not amplify strains of the O2b group, the vlm32for primer (same locus as vlm33rev) failed on the P2 group, and the vlm36for primer (same locus as vlm37rev) was negative on the O2b and A5 groups. Such variations, where only one and not a second side of the same IS100 insertion locus could be amplified, were further seen on vlm26for/vlm27rev and vlm30for/vlm31rev loci, suggesting possible rearrangements of the regions adjacent to the IS100 element.
Geographically distinct members of the orientalis biovar showed an identical fingerprint pattern (whether derived from South or North America, India, the former USSR, or Indonesia), with the exception of strains isolated from Indochina (Vietnam, Burma, Cambodia), which lacked at least one characteristic IS100 copy at the vlm04for/vlm05rev locus. Indeed, PCR on DNA of these strains that directly employed the flanking vlm04for/vlm05rev pair of primers generated a fragment that was about 2 kb shorter (the size of IS100) than that seen for other orientalis strains (data not shown). We designated these strains as IS100 type O2 and introduced additional subtyping based on the random variability of other fragments (O2a, O2b, and O2c). Thus, our criteria for assigning a new genotype name within a biovar was a difference between strains in at least one IS100 copy position that could be detected by the absence of the amplification on both sides of IS100 when using the locus-specific primers. Different subtypes between strains were assigned a, b, or c notation (e.g., M1a, M1b) if they shared amplification of a locus on at least one side of IS100 and if the second side of that insert displayed either a shifted fragment or failed to amplify.
Fingerprints of biovar medievalis strains differed from those of the reference orientalis biovar strain CO92 by the absence of at least 10 bands, as well as by a shifting in the size of the vlm03rev-and vlm21rev-derived fragments. All strains originating from Iran and Kurdistan showed an identical IS100 type, M1a, which differed by two band positions from the strain of the M1b type isolated in Yemen. Interestingly, both medievalis strains of the M2 type from Manchuria resembled antiqua strains of the A1 type (identical to A1a and differing from the A1b type only in one position), which was also isolated from the same geographical areas (Japan and Manchuria, respectively). The latter strains differed significantly from other antiqua isolates such as strains found in Africa and former USSR. We analyzed a few representatives of a heterogeneous group of Y. pestis strains isolated in the former USSR, known as Pestoides variants. These strains (except one) formed a separate cluster on the dendrogram that included also an antiqua Angola strain (Fig. 1) . The exceptional strain, Pestoides J, possessed a medievalis-specific IS100 type M1a.
Both Y. pseudotuberculosis strains of serovar I displayed at least two positive amplification bands corresponding to locusspecific primers vlm26for and vlm14for, suggesting that these IS100 copies are present at the same locus as in the Y. pestis strains. Not surprisingly, one such IS100 copy was positioned near the high-pathogenicity island of the 102-kb unstable pigmentation region. Probably, Y. pseudotuberculosis strain PB1 has an additional Y. pestis-specific insertion within the vlm20for/ vlm21rev-associated locus.
A most intriguing finding of our IS100-based fingerprinting study was the fact that one of the antiqua strains (Nicholisk 51 from Manchuria) displayed an identical IS100 pattern to that found in strains corresponding to the orientalis IS100 type O1 (Table 1) . This observation was validated by thorough analyses of individual colonies of this strain with respect to biochemical properties and by reconfirmation of their IS100 genotype.
Glycerol pathway defects in Y. pestis: the glpK-glpX locus. We needed to first resolve the nature of the metabolic lesion in the glycerol pathway of biovar orientalis strains to facilitate identifying the mutational event accounting for the glycerol-positive phenotype of the Nicholisk 51 strain. To do so, we compared genes involved in glycerol utilization in both the unfinished Y. pestis strains CO92 and KIM genome projects (see Materials and Methods) and identified two regions within the strain CO92 chromosome that could account for its glycerol-negative phenotype. The first region was a cluster of the three genes, two of which were affected by a 956-bp deletion extending within both glpK and glpX (Fig. 2A) . The deletion resulted in the omission of 142 amino acids from the C-terminal portion of the glycerol kinase as well as 88 amino acids from the N-terminal portion of the GlpX protein. Interestingly, this 956-bp deletion could be a result of reciprocal recombination between imperfect direct repeats of 12 bp present in both the glpK and glpX genes of the KIM strain. We prepared the PCR primer pair glpK-F2/glpX-R4 flanking the 956-bp deletion and analyzed our entire culture collection to detect the distribution of this defect in glycerol fermentation. All glycerol-positive strains (including Nicholisk 51) lacked the deletion as evidenced by production of a fragment of 1,258 bp corresponding to the size of that in strain KIM. As expected, glycerol-negative strain CO92 gave rise to a significantly shorter fragment of 302 bp. Surprisingly, most of the glycerolnegative strains of biovar orientalis showed an intact glpK-glpX region, and only strains originating in the United States (with two exceptions) possessed a deletion identical to that found in the CO92 strain (PCR results were confirmed with sequencing data). The two U.S.-originated strains that did not have the described 956-bp deletion were A1122 and its variant strain A12. Thus, the 956-bp deletion found within the glpK-glpX region in the CO92 strain most likely is not responsible for the glycerol-negative phenotype of biovar orientalis because most of the strains of this biovar do not possess this deletion.
Glycerol pathway defects in Y. pestis: the glpD gene. The second defect in the glycerol pathway found in strain CO92 was the loss of 93 bp that resulted in a 31-amino acid in-frame deletion within glpD, encoding aerobic glycerol-3-phosphate dehydrogenase (Fig. 2B) . In a manner analogous to that observed for the glpK-glpD deletion described above, we located FIG. 1. Digitized IS100-based fingerprints and dendrogram constructed by the UPGMA clustering method. Similarity analysis was performed using the Dice coefficient. The scale bar indicates dissimilarity proportions. The numbers 1 to 27 were assigned to each locus-specific primer vlm according to the size of the PCR fragment formed, using Y. pestis strain CO92 DNA as a template. The positions of the shifted fragments were followed in other strains. The IS100 genotypes of different groups shown are as follows: O1, O2a, O2b, and O2c are biovar orientalis; M1a, M1b, and M2 are biovar medievalis; A1a, A1b, A2, A3, and A4 are biovar antiqua; P1, and P2 are strains of the Pestoides group; and S1 and S2 are strains of Y. pseudotuberculosis.
within the glpD gene two 17-bp imperfect direct repeats flanking the region that was lost in strain CO92. We then tested our culture collection for the presence of the defect within glpD using a deletion-flanking pair of primers, glpD-F1 and glpD-R1. The results of PCR analysis showed that all glycerol-positive strains (including Nicholisk 51) had an intact glpD gene (fragment size of 508 bp, identical to that of strain KIM), and all glycerol-negative strains had a defective glpD gene (fragment size of 415 bp, identical to strain CO92). This 100% correlation between the glycerol-negative phenotype and the presence of a defective glpD indicates that most likely the inability of biovar orientalis strains to ferment glycerol is due to inactivation of this gene. Comparison of nucleotide sequences of the entire glpD gene of strains CO92 and KIM revealed the presence of two nucleotide differences (causing amino acid substitutions) (Fig. 3) in addition to the 93-bp deletion described above. Sequence analysis of the glpD gene of the glycerol-positive Nicholisk 51 strain showed that it represented a hybrid variant possessing both the CO92-specific point substitutions and the intact KIM-specific region that is deleted in orientalis strains.
DISCUSSION
To characterize a large collection of Y. pestis strains of different biovars and geographical origins, we have used a technique that enables the determination of the position of the IS element IS100 present in the Y. pestis genome (IS-positional genotyping). The method employed a fragment polymorphism originated from the amplification of the region located between one or the other end of the IS100 element and the neighboring ORF. To design primers for these experiments, the IS100 sequences together with the surrounding regions were cloned from the genome of Y. pestis strain CO92 of biovar orientalis. Therefore, this isolate became a reference strain and subsequent genotyping of other isolates was based on comparison with the CO92 fingerprinting pattern. A total of 16 distinct IS100 insertions were employed for the analysis, with 11 of them having both sides amplified and the remainder using neighboring ORFs positioned only up-or downstream. In contrast to the IS1541 that preferably integrates within a T/A-rich short segment (21) , analysis of the sequences located in the vicinity of the IS100 insertion site did not reveal any integration specificity. In addition, most of the IS100 insertions led to the disruption of putative ORFs ( Table 2 ). The low specificity of the IS100 integration observed by us is in good correlation with previously published data (10). The IS100 typing was done on a total of 116 yersiniae DNA samples using 27 primer pairs. Comparison of the PCR fragments formed using DNA of the different strains with those originating from CO92 DNA showed that the particular fragments are either present, shifted, or missing. Curiously, we noted in many cases that some strains amplified only one side of the same IS100 insertion, suggesting possible rearrangements of the regions adjacent to the IS100 element. However, multiple laboratory passages in vitro or in vivo did not change the IS100 fingerprint profile in any analyzed strain derivatives. In general, we observed a correlation between the IS100 genotype and the biovar of the isolates except with Manchurian strains and Pestoides isolates (see below).
The method described here did not have enough discriminatory power to differentiate orientalis strains of different geographical origins, except for those originating in Indochina (Vietnam, Cambodia, and Burma). The latter did not possess an IS100 copy located between the primers vlm04for and vlm05rev, and these flanking primers, in contrast to other ori- entalis strains, generated a fragment identical to the one amplified from DNA of Y. pestis strains of biovars antiqua and medievalis as well as tested isolates of Y. pseudotuberculosis. This fact indicates that the strains from Indochina either lost this particular IS100 copy due to some recombination event (i.e., precise excision of the IS100 element, crossing over, etc.) or never had it. The latter possibility would imply that invasion of the Indochina region by plague bacilli during the last pandemic was a separate event unrelated to the distribution of a distinct clone of the orientalis biovar over the world. To improve the discriminatory power of this technique so as to enable further differentiation among orientalis strains, it may be necessary to include additional copies of the IS100 (or other IS elements) into the PCR-based genotyping scheme. Release of the Y. pestis CO92 genome reveals the potential use of more than a hundred total copies of IS100, IS285, and IS1541.
Fingerprinting patterns of the biovar medievalis strains differed from the orientalis isolates by more than 10 missing or shifted bands. We had fewer representatives of the former in our collection; nevertheless, it was possible to group the medievalis strains according to their geographical origin. Interestingly, clusters formed on the dendrogram by the biovars medievalis and antiqua overlapped within the Manchurian and Japanese isolates (M2 and A1 genotypes), and the profile of the Yokohama strain (A1a) was identical to that of the Harbin 35 and Nicholisk 41 isolates (M2). This fact indicates a close association between the strains of the different biovars isolated in this region. The use of a larger quantity of strains of both biovars combined with analysis of a greater number of genetic loci should clarify our observation of the relationship of medievalis strains with one of the lineage of the antiqua strains found in Southeast Asia. The remaining strains of the antiqua biovar in our collection originated in Africa and the former USSR, and their IS100 genotypes were significantly different from the antiqua isolates described above.
Atypical plague isolates can be found in the ancient reservoirs in the territory of the former USSR as well as typical epidemic forms of Y. pestis. This heterogeneous atypical group received the common name Pestoides (19) . Strains isolated in the Transcaucasian Alpine, Daghestan Mountain, MountainAltai, Hissar, and Talas plague foci as well as in some regions of Mongolia display unusual abilities to ferment rhamnose and melibiose and have a reduced virulence for guinea pigs. The Caucasian isolates fail to produce pesticin and plasminogen activator and the Altai strains are pesticin-sensitive irrespective of the presence of the pPCP plasmid. There are some unusual auxotrophic features of these atypical strains, which parasitize unique species of rodents (3). Finally, in many cases the Pestoides strains reported from these foci possess unique plasmid profiles (12) . Although we do not know the exact geographical origins of the Pestoides strains present in our collection, IS100-based fingerprinting divided our isolates into three genotypes. The strain Pestoides J (both glycerol and nitrate negative) showed a fingerprint pattern identical to that (7, 15, 34) . The strains Pestoides E and F belonged to the IS100-genotype P2, and they most probably represented the Caucasian isolates (Transcaucasian Alpine and Daghestan Mountain foci). The characteristic feature of these isolates, as confirmed in our study, is the absence of the pPCP plasmid encoding plasminogen activator, pesticin, and its immunity protein (12, 13) . These unusual strains differ from the typical epidemic forms of plague in that pPCP is not required for tissue invasion (27, 31, 33) . Recently, based on RFLP derived from the hybridization of Southern blots with the probes for IS100 and IS285 elements, Bobrov and Filippov (5) concluded that the Caucasian isolates are the most phylogenetically ancient of Y. pestis strains. Our data are in agreement with this assumption. Our observation that one of the glycerol-positive antiqua strains (Nicholisk 51) had an IS100 genotype identical to that of glycerol-negative biovar orientalis isolates prompted a closer investigation of this relationship. Using a comparison of unfinished genomes of two Y. pestis strains followed by screening the entire strain collection, we found an IS100-independent marker region (archival phage remains) that was present exclusively in orientalis strains as well as in the Nicholisk 51 strain (data not shown). The positive glycerol fermentation phenotype of Nicholisk 51 places it squarely within the antiqua biovar, yet its IS100 genotype and the presence of specific phage remains categorizes this isolate as a member of the orientalis biovar. Since the orientalis biovar may have arisen from a biovar antiqua clone (7, 15) , strain Nicholisk 51 could represent either an ancestor of biovar orientalis or a variant of this biovar that had undergone phenotypic reversion back to the glycerol positive phenotype. Our analysis of the glycerol pathway in Y. pestis showed that mutations in two loci could potentially account for the glycerol-negative phenotype of biovar orientalis isolates. The first defect was a 956-bp deletion affecting both glpK and glpX. However, not all glycerol-negative strains possessed this mutation. In fact, most of the strains of biovar orientalis tested did not have this deletion. Only strains isolated in the United States (the CO92 reference isolate) possessed this deletion. The exceptions were strains A1122 obtained in California in 1943 (32) and A12, a derivative of the former strain. Both of the two other California strains in our collection (Yreka and Shasta) had the deletion. Thus, the 956-bp deletion within the glpK-glpX region could not, by itself, account for the glycerol-negative phenotype because it does not exist in most biovar orientalis strains. Obviously, the glycerol-positive Nicholisk 51 strain did not possess this deletion.
The second defect found in the glycerol pathway of biovar orientalis strains was a 93-bp in-frame deletion in the glpD gene encoding aerobic glycerol-3-phosphate dehydrogenase. Analysis of our culture collection showed that all glycerolnegative strains contained this deletion, whereas all glycerolpositive strains possessed intact glpD. This observation suggested that inactivation of GlpD accounts for the inability of biovar orientalis strains to ferment glycerol. This finding is in agreement with previously published data (8) . In addition to this 93-bp deletion, the glpD genes of strains CO92 and KIM exhibited two nucleotide differences. We performed additional sequencing of glpD from Y. pestis strains of different geographical origins, including seven isolates of biovar orientalis, six of antiqua, and three of medievalis. The sequences of all orientalis strains were identical to that of strain CO92 and the remainder were identical to that of strain KIM. Accordingly, we envision that the most likely scenario for the generation of the glpD sequence found in the glycerol-negative orientalis biovar was an initial deletion event followed by the accumulation of two point mutations within the already inactivated gene. Of course, there is a possibility for the reverse sequence of events in which two point mutations occurred prior to the deletion. However, the latter possibility would put glpD somewhat at odds with the observed conservatism of sequence found during the extensive analyses conducted on housekeeping genes in Y. pestis (1) . Interestingly, the glpD sequence of Nicholisk 51 strain represents a hybrid variant possessing both strain CO92-specific base substitutions and an intact KIMspecific region that was deleted in the orientalis strains. The signature of orientalis-specific point substitutions within glpD of the Nicholisk 51 strain suggests that this strain originated from a typical orientalis isolate as result of repairing the originally defective GlpD. The exact mechanism accounting for this phenotypic reversion is not clear. A reciprocal recombination between flanking observed imperfect direct repeats of 12 and 17 bp may account for the deletions within glpK-glpX and glpD, respectively. We were not able to identify by BLAST searches within either strain CO92 or KIM the sequence that resembled a second copy of glpD or that was deleted in biovar orientalis strains. This fact suggests that repair of the 93-bp deletion in glpD of strain Nicholisk 51 reflects genetic exchange between the Nicholisk 51 precursor and a strain capable of fermenting glycerol. Obviously, the range of the area that underwent recombination was short rather than large, because the orientalis-specific glpD point mutations present in Nicholisk 51 are located close to the deletion site. The overall conclusion of the glycerol fermentation scenario of strain Nicholisk 51 is that this isolate provides solid, but indirect, evidence of genetic exchange between Y. pestis strains facilitating repair of a biochemical pathway. The existence of the potential for such phenotypic reversion among Y. pestis isolates that have lost discrete physiological functions (6) may point to a possible mechanism by which a more virulent epidemic version of the plague bacillus could arise from time to time.
